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We have used an ultra-low threshold continuous-wave Optical Parametric Oscillator (OPO) to 
reduce the quantum fluctuations of the reflected pump beam below the shot noise limit. The OPO 
consisted of a triply resonant cavity containing a Periodically-Poled Lithium Niobate crystal pumped 
by a Nd:YAG laser and giving signal and idler wavelengths close to 2.12 fim and a threshold as low 
as 300 . We detected the quantum fluctuations of the pump beam reflected by the OPO using a 
' slightly modifled homodyne detection technique. The measured noise reduction was 30 % (inferred 

' noise reduction at the output of the OPO 38 %) 
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PACS numbers: 42.50.Dv; 42.65.Yj; 42.50.-p; 42.65.-k 
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I. INTRODUCTION 

Continuous-wave OPOs have been used for over a decade to study and modify the quantum noise of hght. Suc- 
^ cessful experiments involved creation of squeezed light below the oscillation threshold ^ , , sub shot noise intensity 

^ ' correlations between signal and idler beams ^ and pump squeezing These experiments have been performed 
QQ \ using OPOs pumped with visible Hght, generally the second harmonic of NdiYAG lasers, and most of them generated 
■ non-classical light at a wavelength different from the pump wavelength. Pump squeezing in an OPO above threshold 
provides a direct and efficient way to generate bright squeezed beams without frequency changes. The OPO acts 
as a "quantum noise eater" , like a Kerr medium, by making use of the so-called "cascaded nonlinearities" . Such 
cascaded non linearities, resulting from the co-existence of sum frequency generation and parametric down conversion 
occuring in an OPO, have been shown to amount to a nonlinear phase-shift on the pump beam which emerges from 
the cavity after its nonlinear interaction with the signal and idler beams in the parametric crystal. This effect has 
been known for a long time to be able to produce significant quantum noise reduction In order to have access to 
a new frequency range in pump squezing, we have used a Quasi Phase-Matched (QPM) material, Periodically-Poled 
Lithium Niobate (PPLN), which makes it possible to build low-threshold c.w. OPOs operating with a NdiYAG laser 
as a pump and signal and idler beams in the mid-IR |^, The experiment that we present here is the first, to 
' the best of our knowledge, to use QPM material for a quantum noise reduction experiment in the c.w. regime. 

After a brief description of the experimental set-up, we will study in section III the behavior of the mean fields 
ILJ produced by this device and compare it to theoretical predictions. In the last part, we will present the theoretical 
predictions as well as the experimental results for the quantum noise, showing 38% noise reduction below the standard 
quantum limit. 



II. EXPERIMENTAL SET-UP 



The set-up is shown on Fig. |l| We have used a diode-pumped monolithic Nd:YAG laser (Lightwave 126-1064-700) 
as a pump source. This source delivers a c.w. beam in a TEMqo mode which exhibits very large excess noise below 20 
MHz due to the relaxation oscillation peak noise of the pump semiconductor laser (left. Fig. ||). In order to obtain 
noise reduction below the standard quantum limit within the OPO cavity bandwidth, we need first to obtain a pump 
beam at the shot-noise level. For this purpose, we send the beam through a filtering cavity. It is a ring three-mirror 
cavity ||ll| to prevent back reflections from perturbing the laser (Fig. |l|). The input and output mirrors (Ml, M2) are 
identical plane mirrors with a reflexion coefficient on the order of 99.5 % for the s-polarisation. The end mirror (M3) 
is a concave mirror with a radius of curvature of 750 mm and a reflexion coefficient close to 99.9 %. The measured 
finesse for the cavity is close to 700. For a 70 cm round trip length the cavity bandwidth is below 1 MHz when the 
cavity is locked on resonance. The field fluctuations of the transmitted beam are shot-noise limited above 5 MHz 
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(right, Fig. |2|). Due to the non neghgible losses on the mirrors, we obtain 30 % power transmission as opposed to 
80 % theoretical prediction and 75 % in similar experiments where very-high quality mirrors were used 111. When 
the cavity is locked by a servo loop using a frequency modulation of the Nd:YAG laser at 40 kHz, its output is stable 
over several tens of minutes. The mode matching of the pump beam to the OPO cavity was 92% without the filtering 
cavity and over 97 % with the filtering cavity which plays a role of spatial filter. 

The half wave plate HWPl and the polarizing beam splitter PBSl control the pump intensity sent into the OPO 
cavity. The pump beam passes through the Faraday Rotator (FR), and the input polarization is controled by the 
half wave plate HWP2. The reflected pump beam, after the interaction with the OPO cavity, returns by the same 
optics and is reflected by PBSl after the double passage through the Faraday Rotator. For the local oscillator, we 
used part of the input beam reflected by PBSl. The reflected beam passes by an optical circulator made by a quater 
wave plate (QWPl) and a mirror (M4) mounted in a piezo-actuator for the phase variation. The crossed polarized 
local oscillator and reflected pump beams are then mixed at the homodyne detection system by the polarizing beam 
splitter PBS2 and the half waveplate HWP3, and detected by the high efficiency InGaAs photodetectors (Epitaxx 
ETX 300, quantum efficiency 94 %). A pair of Brewster Plates (BP) at the Brewster angle for the local oscillator 
polarization can be introduced in the system, producing a reduction in the reflected pump beam with no noticeable 
change in the local oscillator. 

The triply resonant OPO has been described extensively in a previous paper and we will only recall here its main 
properties. The cavity is a symmetric cavity with a length of approximately 65 mm. The pump coupling mirror (M5) 
has a reflection coefficient of 87 %, so that the transmission is much larger than the other losses inside the cavity. The 
end mirror (M6) is highly reflecting for the pump beam to reduce the losses (reflection of 99.8 %). The mirrors have 
large reflection coefficients in the 2 fj,m range to ensure small losses for the pump beam due to conversion to signal 
and idler (99.8 % for M5, 99 % for M6). They have a radius of curvature of 30 mm to ensure optimal waist sizes in 
the crystal (36 fim at 1.06 fim, 51 fim at 2.12 /im). 

The crystal is a PPLN crystal from Crystal Technologies, with a width of 12 mm, a length of 19 mm and a thickness 
of 0.5 mm. Both faces of the crystal are antireflection coated for pump, signal and idler frequencies (residual reflection 
of 0.6 % for the pump and 0.4 % for signal and idler). The crystal absorption in the infrared region is small (0.3 % at 
1.06 fj,m according to the manufacturer). The crystal is formed of 8 different paths with spatial periodicity varying 
between 30 and 31.2 /im. All the experimental results shown in this paper were made using a 31.1 /im spatial period 
for which the exact quasi-phase matching condition for degenerate signal and idler wavelength at 2.12 fj,m is obtained 
with a temperature Tqpm « 162°C. The crystal is placed inside a temperature stabilized oven. In presence of the 
crystal, the measured finesse for the pump is around 40, in good agreement with the theoretical expressions while 
the calculated finesse for signal and idler is around 200. The typical oscillation threshold is around 500 nW with 
thresholds as low as 300 fiW for a limited time. For continuous operation, the OPO cavity is locked in the resonance 
of the 2 /im output. 



III. MEAN FIELDS STUDY 

The well-known equations for the intracavity mean fields are 

Eo = toE,„ + roiEo - X* EiE2)e"^" (1) 
Si = riEi + xEoE;)e'^' (2) 
E2 = riE2 + xEoEDe'"^' (3) 

where Eq, Ei and E2 are the intracavity pump, signal and idler fields respectively, io ^^nd rg are the amplitude 
transmission and reflection coefficients at the pump frequency, x is the nonlinear coupling coefficient, r is the common 
value for the amplitude reflection coefficient at the signal and idler frequencies, lpq, (pi and ip2 are the round-trip 
phases for pump, signal and idler fields respectively. Above threshold, equations (||) and (^) lead to the condition |l^ 

Vl = V2+ 2pTT (4) 

where p is an integer. Each value of p is associated with a given mode, i.e. a well-defined couple of signal and idler 
frequencies, uji and uj2- More precisely, using the Sellmeier equation for lithium niobate and eq. (jj), one can 
find for any given cavity length Lcav, crystal temperature T and mode index p the values of uji and UJ2- T and p 
being fixed, a minimum of the oscillation threshold is reached at values of the cavity length where both ipi and ip2 
are multiple of 27r. Let us call Lp the signal-idler double resonance point within a given free spectral range. 

In order to calculate the oscillation threshold and output fields, we have taken into account the periodical poling. 
The usual phase mismatch, Ak = ko — ki — fe, is replaced by Ak = ko — ki — k2 — 2tt/ A where A denotes the spatial 
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period of the crystal. The nonlinear coupling coefficient which can be written in a usual bulk crystal 

(2) (2). t^o. . f Akl\ ( .Akl\ 

X = Xbuik = X^ 'i^o, y, yjsmc I — 1 exp ( I (5) 

now becomes 

(2) (2)f ^0 ^^0^2 . f AkI\ ( .AkI\ 

X = Xqpm = X^ '[^^0, y, yi-smc I — I exp I ) (6) 

for an integer number of periods within the crystal of lenght I. If the crystal does not consist of an integer number of 

(2) 

periods, the coupling coefficient has an additionnal term like xluik^ depending on the added fraction of period. Since 

(2) 

the relative contribution of this term will have the order of A/L, it can be neglected in the calculation of Xqpm- 
However, its contribution to the crystal length will have a much more important effect in the relative phase-shift 
between the interacting beams. The effect of such an additional phase-shift is known to increase the threshold in 
the case of a linear OPO cavity p3[ |. This increase will depend on this phase term, reaching 1.9 times the mininum 
threshold that would be obtained with a perfect phase matching, perfect periodicity of the crystal and no added 
relative phase. In order to optimize the threshold, it is possible to use crystals with non parallel faces which allow a 
precise choice of the crystal length 15| p^. 

Curves (d), (e) and (f) on Fig. 3|show the mean field intensities calculated from these equations as a function 
of cavity length for three different temperatures and pump intensities. For a given cavity length, there are many 
different modes p where the OPO can oscillate. For each one of these modes there will be a different threshold value, 
and the OPO will operate in the mode with the lowest threshold |jl^. The calculated frequency difference between 
signal and idler is shown in THz on traces (a), (b) and (c) showing that the system can be swept over a large 
frequency range. During the cavity scanning, the OPO passes through a large number of individual modes, remaining 
on a given value of the frequency difference only over a limited range of cavity length (inset, curve (a)). When 
the temperature approaches Tqpm, the signal and idler frequencies become very close, and the difference between 
signal and idler indices of refraction becomes very small. In these conditions, the resonance lengths Lp of different 
oscillation modes p become very close to each other and the possible oscillating modes overlap. As the OPO is never 



multimode in steady state operation |17| |l^, it jumps from one mode to the next {p p±2) when the cavity length 
is varied. As a result, the OPO always oscillate very close to the double resonance configuration. The mode jumps 
can be seen as discontinuities on the mean field. These discontinuies are easily visible on the experimental curves and 
using an auxiliary Fabry-Perot, we have observed monomode operation with mode hops at the discontinuities. These 
discontinuities are not seen on the calculated curves which do not take into account the dynamics of the system while 
experimentally, since the threshold varies slowly for the different modes, the OPO remains on its initial mode even if 
it is unstable, leading to mode jumps by more than two units. 

Intracavity signal and idler intensities exhibit a bistable behaviour as a function of cavity length when specific 
conditions on the pump and signal detunings are met p9[ |. In our case, as the OPO works almost always with a 
small detuning of the signal and idler fields, it is difficult to observe any bistable behavior. Nevertheless, due to the 
parabolic shape of the phase-matching curve in a type-I medium pO| , for a temperature close to Tqpm, oscillation is 
limited by the frequency degeneracy of signal and idler [p — 0). Thus the detuning range obtained for the mode p ^ 
is much larger than that obtained for other modes. Such a behaviour may be seen on the left hand side of curve (f). 
In this region, for an adequate cavity detuning the bistable behavior is expected. The value of the pump detuning 
can be selected by the temperature control of the phase matching condition at degeneracy, displacing the position 
of the sharp side of the signal and idler curve relative to the pump resonance position. The sharp edge position is 
critically dependent on the temperature, and a 0.1°C variation is enough to displace the degenerate point out of the 
pump resonance. 



IV. QUANTUM FLUCTUATIONS OF THE PUMP FIELD 

The quantum fluctuations of the pump field have been calculated in Ref. |2l|] . This paper shows that best quadrature 
squeezing on the pump fleld increases with pump power and is already signiflcant a few times (by a factor 3 or 4) above 
threshold and for any value of the detunings. It increases when approaching the bistability threshold, i.e. for rather 
important signal-idler and pump detunings. Squeezing occurs on the phase component at exact double resonance j|] 
and, for non-zero detunings, on a quadrature component which rotates quickly when this detunning changes. Using 
the detailed calculations of pT| , it is possible to evaluate the optimum noise reduction as a function of cavity length at 
a given temperature. The curves are shown on Fig. ^ It can be seen on these curves that the optimum squeezing is 
significant on a broad range of detunings and increases with the pump power. On the other hand, the intensity noise 
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(grey line) exhibits rapid oscillations for small changes of the cavity length (of the order of tenths of nm). Even with 
a stable electronical locking of the OPO cavity, fast small variations around the locking position cannot be avoided, 
thus reducing the measurable intensity squeezing. Actually the most efficient locking is obtained exactly at the triply 
resonant condition when only quadrature squeezing can be observed. 

The quantum noise of quadrature components of the reflected pump beam are measured using a slightly modified 
homodyne detection procedure. In order to prevent saturation of the detectors (which occurs around 3 mW), the 
local oscillator cannot be much more powerful than the reflected pump beam. The difference of the photocurrents 
fluctuations obtained by the two balanced photodetectors can be written as 

A2(ii -is) oc/LoA'Se (7) 

only when the local oscillator is much stronger than the beam to measure. I^o denotes the mean local oscillator 
power and A^Eg the variance of the reflected pump in the quadrature 9 determined by the phase difference between 
the local oscillator and the reflected pump mean field. The measurement, with a spectrum analyzer, of the spectral 
density of the difference of the photocurrents gives directly the noise spectrum of the quadrature component of angle 
0. In the general case of finite ratio between the mean intensities of the beam to study and of the local oscillator 
beam, an additionnal term appears and the difference of the photocurrents is now 

A\ii-i2) xlLoA''Ee+IA^ELo,p (8) 

where we neglect correlations between the two beams (this is justified since these beams are obtained by splitting a 
coherent state on a beam splitter). / is the mean reflected pump intensity and A^E]^o,p the variance of the pump 
beam in a given quadrature. This extra term can be measured independently. Taking into account the fact that 
the local oscillator is in a coherent state, its high frequency noise is equal to that of the vacuum noise and can be 
measured by blocking the local oscillator arm. Using this measurement, we can renormalize the total photocurrent 
difference (^) and obtain the reflected pump noise. This correction amounts to approximately 30 % of the shot noise. 

The noise measurement is made with a pair of balanced InGaAs photodetectors. The mode matching between 
the reflected pump and the local oscillator is on the order of 97 %. The pump intensity incident on the OPO is 
Ppump — 1-2toVI^, for a threshold power of 300 /iW. The reflected pump intensity at the position of the photodetectors 
was Ppump — Q-4:5mW. The temperature is T = Tqpm — and the local oscillator power is Plo = l-2mW. Figure 
^ shows the noise power A'^i obtained as the local oscillator phase is scanned (thick black line), as well as the shot 
noise level measured for the local oscillator and the reflected pump beams (respectively N2 and N^). The sum of the 
shot noise power of both beams is also presented for comparison. The electronic noise level is small (-102.6 dBm) 
and is taken into account in our calculations. The variance of the quadrature component fluctuations, normalized to 
the coherent state fluctuations {N = A'^Eg/ A'^Elo p) can be obtained from the noise measurements shown at Fig. 
H using the correction presented in eq. (||). Figure ^ shows this normalized noise N — {Ni — N3)/N2. The measured 
noise reduction is 30 % corresponding to an inferred noise reduction at the output of the OPO of 38 %, when losses 
are taken into account. 

To check that we have indeed noise reduction below the standard level, we have introduced losses on the squeezed 
beam. In order for these losses not to change the operating conditions (namely the incident pump power, Ppump) ^ 
have introduced losses using a pair of glass plates oriented at the Brewster angle with respect to the propagation axis 
(Fig. |l|): in that case, the losses are 46 % for the squeezed beam and not measurable for the local oscillator since 
the two beams are orthogonally polarized. The dashed grey line of Fig. ^ gives the quadrature noise measured using 
this device. This line coincides well with the full grey line which represents the measured noise without attenuation 
(thick black line) corrected using the well-known formula Nioss = (1 — r)A^ -I- F, where Nioss is the normalized 
noise of the attenuated beam, N is the normalized noise of the input beam, and F is the loss coefficient of the inserted 
attenuator. 

The measured noise reduction is in good agreement with the quadrature noise reduction obtained in our theoretical 
calculations (44 %, Fig. The smaller value for the measured compression may be due to an underestimated value 
for the intracavity losses at our calculations. 

V. CONCLUSION 

We have reported on the flrst use of quasi-phase matched materials for cw quantum noise reduction experiments 
and observed an inferred noise reduction of 38 % below the standard quantum limit using such a material. The use 
of quasi-phase matched materials in quantum optics seems very promising as it enlarges the wavelength range where 
quantum effects can be obtained. 
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FIG. 2: Intensity noise before and after the filtering cavity showing that the output beam is shot noise limited above 5 MHz 
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FIG. 3; OPO mean values study as a function of the variation of cavity length. The frequency difference between signal and 
idler in THz is shown on traces (a), (b) and (c). Calculated signal mean intensities (traces (d), (e), (f), continuous line) and 
experimental curves (traces (g), (h) (i)) are shown with the same scales; the undepleted pump mean intensity is shown for 
comparison (dashed lines). The horizontal axis is in /xm. The experimental conditions (temperature and pump power) are: 
T = Tqpm -4.3° and P;Zmp = 2Pth (traces (a), (d) and (g)), T = Tqpm - 1.1° and P;Zmp = 'iPth (traces (b), (e) and (h)) and 
T — Tqpm — 0.1° and Pp'^rnp = SPth (traces (c), (f) and (g)). Pth is the minimum threshold obtained at exact resonance for 
pump, signal and idler at a given temperature. In curve (a) the zoom area shows the mode-hop during the cavity scan. 
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FIG. 4: Calculated mean intensities (upper traces) and noise (lower traces, dark line : optimum noise reduction, grey line : 
intensity noise ) as a function of cavity length in the same conditions as Fig. 3. 
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FIG. 5: Noise power measured at the homodyne detection. The thick black line is obtained with both local oscillator and 
reflected pump during the scan of the local oscillator phase. The dashed line is the local oscillator shot noise level, obtained 
for a blocked pump. The dotted line is the shot noise level for the reflected pump (blocked local oscillator). The grey line 
is the calculated shot noise level obtained from the sum of the local oscillator and the equivalent reflected pump shot noise 
power and corresponds to the expected shot noise with the two beams present (since the beams have uncorrelated fluctuations). 
The electronic background noise level is -102.6 dBm. The experimental conditions are the following : Pp"rnp = l-2mW, 
Ppump ~ 0.45mW^, Pho = 1.2mW. The experimental settings of the spectrum analyser are: noise analysis frequency = 6MHz, 
resolution bandwidth = lOOkHz and video bandwidth = lOkHz 
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FIG. 6: Normalized noise as a function of time when the local oscillator phase is scanned. The thick black line is the unattenuated 
beam noise showing 30% noise reduction below the standard quantum limit. The dashed line shows the measured noise in the 
presence of the pair of Brewster plates. The grey line is the calculated noise taking into account the losses introduced by the 
pair of Brewster plates. The thin black line corresponds to the shot noise limit. 



